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Summary
Objective: The objective of this study was to clarify the effects of mechanical stress on chondrocytes cultured in a tube. Centrifugal pressure
was applied to chondrocytes cultured in a tube for 28 days, and the effect of this stress was evaluated using a molecular biological method.
Design: Articular cartilage was harvested from a rabbit. A cell suspension was then prepared, and transferred in 1 ml aliquots to polypropylene
tubes. After 48 h of incubation, centrifugal pressure (6.9 MPa) was applied every 24 h. Changes in morphology, expression of messenger RNA
(mRNA) for insulin-like growth factor-I (IGF-I) and type II collagen, cell number, wet weight and protein concentration were evaluated.
Results: Microscopically, formation of chondrocyte clusters was seen in the cultures subjected to stress. Ultrastructurally, collagen ﬁbers were
seen to run parallel to the cytoplasmic surface of the stressed chondrocytes. The peak of IGF-I mRNA expression was seen on day 5, whereas
type II collagen mRNA expression peaked on day 14. Cell number, wet weight and protein concentration were signiﬁcantly increased in the
stressed cultures.
Conclusions: These results suggest that mechanical stress might affect the arrangement of collagen ﬁbers and the IGF-I activity of
chondrocytes cultured in a tube, thus inﬂuencing chondrocyte proliferation and increasing the volume of the extracellular matrix. Furthermore,
mechanical stress may also affect the metabolism of articular cartilage in vitro.
ª 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Several factors may contribute to the etiology of osteoar-
thritis (OA). Excessive loading applied to the articular
cartilage is suggested to be one of the important factors
associated with OA. However, lack of mechanical loading or
ﬁxation of joints is also considered to play a role. Many
factors, including the relationship between mechanical
stress and articular cartilage metabolism, remain unknown.
Previous studies have suggested that important factors
involved in the proliferation of chondrocytes are insulin-like
growth factor-I (IGF-I), parathyroid hormone, growth hor-
mone and parathyroid hormone-related protein, and that
those involved in chondrocyte differentiation are trans-
forming growth factor-beta (TGF-b) and bone morphoge-
netic proteins1. The messenger RNA (mRNA) and
immunoreactivity of IGF-I increase only in the proliferative
zone2. Synergistic actions of TGF-b and IGF-I induce the
expression of the type II collagen and aggrecan genes in
human articular chondrocytes3. It has been suggested that
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Chondrocytes are usually cultured as a monolayer.
However, for the present study we selected a method
involving aggregate culture in a tube, since this would
provide more physiological conditions.
To clarify the effects of mechanical stress on aggregate
cultured chondrocytes in a tube, centrifugal pressure was
applied, and subsequent expression of the mRNAs for IGF-I
and cartilage-speciﬁc genes was quantiﬁed from the lag
phase to logarithmic growth phase, stationary phase and
death phase.
Materials and methods
This study was performed according to the guidelines of
the Institutional Animal Care and Use Committee.
CHONDROCYTE ISOLATION
Articular cartilage was taken from the shoulder, knee and
hip joints of a 4-week-old female Japanese white rabbit. The
articular surface was stripped off with a scalpel without
harvesting the bone tissue, which appears red. The
harvested tissues were trypsinized, and chondrocytes were
isolated from the matrix after digestion in 0.15% w/v54
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Chemical, St. Louis, MO, USA) in Eagle-modiﬁed alpha-
minimum essential medium (a-MEM) (Gibco, Eggenstein,
Germany). The liberated cells were resuspended in a-MEM
containing 10% fetal bovine serum (Gibco), ascorbic acid
(Sigma, Tokyo, Japan) and kanamycin (Sigma). The total
number of isolated cells was 2.4! 107.
CULTURE IN A TUBE
The number of cells was counted using a hemocytometer,
and the cell suspension was transferred in 1 ml aliquots to
2 ml volume polypropylene tubes (Assist, Tokyo, Japan) at
a seeding density of 1.0! 105 per ml, and centrifuged at
4000 rpm (centrifugal pressure 0.46 MPa) for 5 min. The
culture conditions were held constant at 37(C in an
atmosphere of 5% CO2. After 48 h, the specimens were
sampled. The culture medium was changed on days 3, 7,
11, 15, 19, 23 and 27. Thereafter, the volume of the medium
was changed to 500 ml initially, and then to 1000 ml.
MORPHOLOGICAL EVALUATION
Tissues that had been cultured in a tube for 7 and 21
days were ﬁxed in 10% buffered formalin solution. The ﬁxed
tissues from six stressed cultures and six unstressed
cultures as a control group were evaluated macroscopically.
For microscopic evaluation, tissues ﬁxed at day 14 of
culture were embedded in parafﬁn after dehydration in
a graded ethanol series, and cut into 3-mm thick sections.
The sections were stained with hematoxylineeosin and
safranin-O for evaluation of matrix formation and glycos-
aminoglycan content. For transmission electron micros-
copy, tissues cultured for 7 days were ﬁxed in 2.8%
glutaraldehyde solution. They were then post-ﬁxed in 1%
osmium tetroxide solution for 2 h and embedded in Epon
after dehydration in a graded ethanol series. Ultrathin
sections were cut, stained with uranyl acetate and lead
citrate, and then examined using a transmission electron
microscope.
MECHANICAL STIMULATION AND CENTRIFUGAL PRESSURE
Centrifugal pressure was applied to the cultured cells
utilizing a centrifuge at 37(C. The diameter of the tube was
4.5 mm and the volume of the culture medium was 1.5 ml.
When centrifuging the tube at 15,000 rpm, the centrifugal
acceleration, a, is 30,000! g, and therefore
aZ30;000!9:8Z2:9!105 ½m=s2:
Assuming that the force acting at the bottom of the tube is
F, then
FZmaZ1:5!103 ½kg!2:9!105Z440 ½N:
Therefore, the centrifugal pressure, P, can be calculated
as
PZ440=p!

4:5!103
2 ½PaZ6:9 ½MPa:
This is the pressure at the bottom of the tube during
centrifugation. After 48 h of initial incubation, centrifugal
pressure was applied for 15 min every 24 h for up to 28
days.ANALYSIS OF MRNA EXPRESSION
Oligonucleotide primers speciﬁc for rabbit were synthe-
sized (Sigma) and used at a ﬁnal concentration of 50 pmol/
ml. For IGF-I, the upstream primer was 5#-TCTTCAGTTCG-
TGTGTGGAGACA-3#, the downstream primer was 5#-
AAGCAGCACTCATCCACGATG-3#, and the predicted size
of the ampliﬁed sequence was 104 bp. For collagen a1 (II),
the upstream primer was 5#-ACCATCAACGGTGGCTTC-
CA-3#, the downstream primer was 5#-CGGGAGGTCTTC-
TGTGACGG-3#, and the predicted size of the ampliﬁed
sequence was 323 bp. For collagen a2 (I), the upstream
primer was 5#-ACACAAGGAGTCTGCATGTCTA-3#, the
downstream primer was 5#-TCACCAGCAGGTCCTTG-
GAA-3#, and the predicted size of the ampliﬁed sequence
was 406 bp. For aggrecan, the upstream primer was 5#-
TGAGGAGGGCTGGAACAAGT-3#, the downstream primer
was 5#-GGCAGCTGGTAATTGCAGGG-3#, and the pre-
dicted size of the ampliﬁed sequence was 311 bp. For
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the
upstream primer was 5#-ACTGGCGTCTTCACCACCAT-3#,
the downstream primer was 5#-AAGGCCATGCCAGT-
GAGTGAGCTT-3#, and the predicted size of the ampliﬁed
sequence was 404 bp. The total RNA (tRNA) was extracted
with Fast RNA Kit-Green (BIO101, Vista, CA, USA) on
day 0 soon after chondrocyte isolation, and on days 3, 5, 7,
14, 21 and 28, 7 h after application of centrifugal pressure in
each case. The tRNA adjusted to 0.1 mg/ml was reverse-
transcribed using a RNA polymerase chain reaction (PCR)
Kit Ver.2.1 (Takara, Tokyo, Japan). The expression of
mRNA was semi-quantiﬁed by real-time quantitative PCR
using a SYBR Green PCR Core Reagents Kit (PE
Applied Biosystems, Tokyo, Japan) and measured with an
ABI PRISM 7700 (PE Applied Biosystems). The PCR
products were conﬁrmed by the presence of no dimers
upon electrophoresis. The expression of mRNA for IGF-I,
type I and type II collagen, aggrecan and GAPDH was
analyzed for each tissue sample after culture in a tube
(nZ 6).
ANALYSIS OF CELL NUMBER
On days 0, 3, 5, 7, 14, 21 and 28, samples that had been
cultured in a tube were centrifuged at 4000 rpm for 5 min,
and the medium was removed. Then 1 ml of 0.10%
collagenase solution was added to the tubes, and the
cultured samples were gently agitated for 3 h in an air
incubator at 37(C. The suspension was then pumped 30
times through a needle (18 gauge) with a syringe (2.5 ml).
Five hundred microliters of the resulting suspension was
rinsed twice with phosphate-buffered saline (PBS) (-)
(Sigma Chemical, St. Louis, MO, USA), and the number
of cells was counted using a hemocytometer (nZ 6).
ANALYSIS OF WET WEIGHT
On days 0, 3, 5, 7, 14, 21 and 28, each sample was
placed on a piece of ﬁlter paper (Toyo Roshi 5A, Tokyo,
Japan), which was then cut into eight equal pieces and
placed in a temperature- and humidity-controlled room
(22(C, 60%) for 48 h. The weight of the sample was
determined by subtraction of the ﬁnal weight from the initial
weight (nZ 6).
ANALYSIS OF PROTEIN CONTENT
At days 3, 5, 7, 14, 21 and 28, each sample was rinsed
twice using PBS (-), and stored at 30(C in 500 ml of
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37(C for 5 min, and each pumped 30 times through
needles of various gauges (in the order 23, 22 and 18
gauge) ﬁtted to a syringe (2.5 ml) to homogenize the matrix.
The protein content was evaluated using the LowryeFolin
technique5 (nZ 6).
STATISTICAL ANALYSIS
The median and standard deviations (SD) were calcu-
lated using Excel (Microsoft Ofﬁce 2001: Mac, Microsoft,
California, USA). Statistical analysis of differences was
carried out by analysis of variance using Stat View Version
5.0 (SAS, Cary, North Carolina, USA). A P value of !0.05
by post hoc test (Bonferroni/Dunn) was considered to
indicate signiﬁcance.
Results
MORPHOLOGY
Representative views of the macroscopic appearance of
the tissues cultured in tubes at days 7 and 21 are shown in
Fig. 1. All the specimens showed similar ﬁndings. The
volume of cultured tissue in the stressed group was larger
than that in the unstressed control group.
Representative micrographs of stressed tissues cultured
in the tubes at day 14 are shown in Fig. 2(A, B). The
chondrocytes showed cluster formation and a columnar
arrangement. However, neither cluster formation nor a co-
lumnar arrangement was apparent in the control group
[Fig. 2(C, D)]. Cartilage matrix was stained red with
safranin-O in both groups [Fig. 2(B, D)].Ultrastructural observation of stressed tissue cultured in
the tubes on day 7 revealed that the collagen ﬁbers ran
parallel to the cytoplasmic surface of the chondrocytes,
which had abundant rough endoplasmic reticulum (rER)
[Fig. 3(A)]. On the other hand, in the unstressed controls,
collagen ﬁbers were scarce and distributed randomly, and
the rER was not distinctive [Fig. 3(B)].
ANALYSIS OF MRNA EXPRESSION
Expression of mRNA in the stressed tissue was higher
than that in the control tissue, and there were signiﬁcant
differences on days 3 (PZ 0.0165) and 5 (PZ 0.0058) of
incubation [Fig. 4(A)].
The expression of type II collagen mRNA was distinctly
higher on day 0 of incubation than on other days. However,
it decreased quickly to the minimum level by day 3.
Thereafter, the expression increased and showed a peak
on day 14. The expression of type II collagen mRNA in the
stressed tissue was signiﬁcantly higher than that in the
control tissue on days 7 (PZ 0.0061) and 14 (PZ 0.0011)
[Fig. 4(B)].
The expression of aggrecan mRNA decreased quickly
after day 0, reached the minimum level by day 3, and then
increased slightly. The peak of mRNA expression occurred
on day 7. There were no signiﬁcant differences in the
expression of aggrecan mRNA between the stressed and
control groups [Fig. 4(C)].
ANALYSIS OF CELL NUMBER
The number of cells increased from day 0 of incubation,
and reached a plateau at day 14. After day 7, the cell countFig. 1. Gross appearance of tissue cultured in a tube at days 7 and 21. The volume of culture tissue in the stressed group was larger than that
in the control group.
157Osteoarthritis and Cartilage Vol. 13, No. 2Fig. 2. Microscopic appearance of tissue cultured in a tube in the stressed group (A, B) and the control group (C, D) at day 14. Cluster
formation by chondrocytes is evident in the stressed tissue (A), but not in the unstressed control (C). Abundant matrix with mineralization is
present in both groups (A, B). Cartilage matrix was stained red with safranin-O in both groups (B, D). Hematoxylineeosin stain, (A, C),
safranin-O stain (B, D) (500!).in the stressed group was signiﬁcantly higher than that in
the control group (PZ 0.0473 at day 7, P! 0.0001 at day
14, PZ 0.0001 at day 21, and P! 0.0001 at day 28)
[Fig. 5(A)].
ANALYSIS OF WET WEIGHT
The wet weight increased from day 0 and reached
a plateau at day 14 in both the stressed and control groups.
The wet weight in the stressed group was signiﬁcantly
higher than that in the control group (P! 0.0001 at days
14, 21 and 28) [Fig. 5(B)].
ANALYSIS OF PROTEIN CONTENT
The protein concentration increased from day 3 and
reached a plateau at day 14 in both groups. Thereafter, the
protein concentration in the stressed group remained
signiﬁcantly higher than that in the control group
(P! 0.0001 at day 14, PZ 0.0129 at day 21, and
P! 0.0001 at day 28) [Fig. 5(C)]. It was impossible to
evaluate the protein content at day 0 because it was below
the minimum evaluable limit of the LowryeFolin technique
(50 mg/ml).
Discussion
Many experimental techniques for applying mechanical
stimulation to cultured cartilage cells, including compression,stretching, bending, distension and ultrasound, have been
reported to date6e8. However, these techniques were
established for monolayer cultures, which are not three-
dimensional structures. In this study, we established
a technique that allows mechanical stimulation to be applied
to cartilage cells cultured in a tube, which form a three-
dimensional structure and thus might simulate the applica-
tion of circumferential force to mammalian joint cartilage in
vivo. This technique is advantageous because mechanical
stimulation can easily be achieved, although it is difﬁcult to
add intermittent pulses of stress like those occurring in vivo.
Kato et al.9 developed a method of culturing chondro-
cytes in centrifuge tubes, and showed that the cells could
produce extracellular matrix with mineralization by them-
selves if terminal differentiation was obtained. The method
employed a 15 ml tube, and 1 or 2 ml of a cell suspension
containing 8! 104 cells/ml. However, as expression of
mRNA for type I collagen had been conﬁrmed in monolayer
culture10, we modiﬁed this method and succeeded in
obtaining a larger number of cultured cells without any
evident dedifferentiation occurring during the entire in-
cubation period. We therefore considered that the con-
ditions under which the chondrocytes were cultured in
a tube were more similar to those in vivo than those
provided by a monolayer culture system.
Macroscopically, stressed tissue was found to have
a larger mass than unstressed tissue. Cartilage tissue
grows by expansion as chondrocytes divide and secrete
more matrix material11. The cartilage tissue cultured in
158 S. Maeda et al.: Changes of microstructure and geneFig. 3. Ultrastructure of stressed (A) and unstressed (B) tissue cultured in a tube on day 7. The stressed tissue shows collagen ﬁbers running
parallel to the cytoplasmic surface of chondrocytes, which contain abundant rER. On the other hand, in the unstressed tissue, collagen ﬁbers
are scarce and arranged randomly, and rER is not distinctive (5000!).a tube under intermittent stress secreted more matrix than
the unstressed tissue.
Cluster formation by chondrocytes, a common ﬁnding in
osteoarthritic cartilage, is a sign of increased mitotic
activity12. Microscopically, stressed chondrocytes showed
cluster formation and a columnar arrangement, whereas
these features were not distinctive in unstressed tissue.
Therefore, mechanical stimulation appeared to induce
cluster formation.Ultrastructurally, the stressed tissue showed obvious
proliferation of collagen ﬁbers running parallel to the
cytoplasmic surface of the chondrocytes, which contained
abundant rER. These ﬁndings suggest that mechanical
stress might affect the arrangement of collagen ﬁbers,
making them run parallel to the cytoplasmic surface of
chondrocytes.
It has been conﬁrmed that chondrocytes secrete IGF-I13,
and that the expression of IGF-I mRNA is increased in
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IGF-I produces signiﬁcant proliferative and matrix-stimula-
tory responses17. The correlation between stimulation of
cellular proliferation in the early phase and the greater
amount of cartilage with type II collagen suggests that
Fig. 4. Effects of mechanical stimulation on mRNA expression. (A)
IGF-I mRNA, (B) type II and type I collagen mRNA, (C) aggrecan
mRNA. Values are meansG SD (nZ 6). The asterisks indicate
signiﬁcant difference at (**) P! 0.01, and (*) P! 0.05. All data
were obtained from the same rabbit. B, control group; C, stress
group; 6, control group, type I collagen; :, stress group, type I
collagen.stimulation of cell proliferation is important for increased
cartilage production18. In this study, the expression of IGF-I
mRNA in the stressed tissue was signiﬁcantly higher on
days 3 and 5 than that in the unstressed control tissue.
Fig. 5. Effects of mechanical stimulation on cell count (A), wet
weight (B), and protein content (C) of rabbit chondrocytes cultured
in a tube. Values are meansG SD (nZ 6). The asterisks indicate
signiﬁcant difference at (**) P! 0.01 and (*) P! 0.05. All data
were obtained from the same rabbit. B, control group; C, stress
group.
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16 h19, the expression of IGF-I mRNA was occasionally
undetectable and the results varied. Expression of the
mRNA decreased after synthesis of the protein. Thus, it is
possible that the dispersion value of IGF-I mRNA expres-
sion on days 3 and 5 may exceed that occurring later.
Thereafter, expression of type II collagen mRNA (days 7
and 14), cell number, wet weight and protein concentration
(days 14 and 28) in the stressed tissue were signiﬁcantly
higher than those in the unstressed tissue. These results
suggest that IGF-I in the early phase of incubation may
stimulate proliferation of the cultured cells. Expression of
mRNA for type II collagen in the cultured cells is a typical
characteristic of chondrocytes.
The freshly synthesized matrix produced by, and
surrounding, each cell may provide an ideal microenviron-
ment. Culture in a tube with application of a centrifugal
pressure of 6.9 MPa every 24 h resulted in a distinct
increase of IGF-I mRNA on days 3 and 5. After day 7,
there were no signiﬁcant differences in the expression of
IGF-I mRNA between the stressed and unstressed cultures.
A higher level of expression of IGF-I was seen only in the
logarithmic growth phase.
The peak of type II collagen expression was seen on day
14, and thereafter the level decreased slightly, almost
coincident with the stationary phase. If the chondrocytes
had synthesized a sufﬁcient amount of matrix by day 14,
then expression of type II collagen mRNA would have
decreased. Thus, we consider that chondrocytes may
possess a mechanism for auto-regulation of type II collagen
production, preventing endless proliferation of matrix
material.
In this study, the synthesis of proteoglycan and non-
collagenous protein increased by approximately 40% and
17%, respectively, as a result of intermittent sub-ambient
pressure. Suh et al. reported that intermittent sub-ambient
pressure produced an increase of aggrecan mRNA in
monolayer culture8. However, in the present study, there
were no differences between the stressed and unstressed
cultures in the expression of aggrecan mRNA or safranin-O
stainability. These results may indicate that there is an
upper limit of aggrecan expression in chondrocytes cultured
in a tube, and thus that there is no distinctive difference in
aggrecan mRNA expression between stressed and un-
stressed tissues.
The number of cells in the stressed culture increased
from day 7, unlike the situation in the unstressed culture.
Thus, centrifugal pressure may stimulate the secretion of
certain growth factors, one of which could be IGF-I.
Chondrocytes in a normal joint cannot repair them-
selves20,21. Mitotic ﬁgures are not evident in adult articular
cartilage of numerous mammalian species, and [3H]thymi-
dine studies have shown no evidence that chondrocytes are
capable of DNA replication.
We found that by day 14, tissue wet weight and protein
concentration in the stressed group were signiﬁcantly
higher than those in the unstressed group. An increase of
cell number was observed after 7 days of incubation.
Alberts et al. reported that cartilage tissue grows by division
of chondrocytes and secretion of matrix material11. The
present results suggest that mechanical stimulation not only
increases the number of chondrocytes but also stimulates
matrix secretion.
One weakness of this study is that all the cells used were
obtained from a single rabbit, and so this may have biased
the results. Also there is a possibility that the pressure had
other effects on chondrocytes, since physiological studieshave shown that pressure can affect NaC!HC exchange
and transporters22,23.
A number of techniques have been used previously for
restoring joint cartilage, including chondrogenic cell trans-
plantation, periosteal and perichondral tissue grafting,
subchondral drilling, osteochondral auto/allografting, appli-
cation of various growth factors, and tissue-engineered
cartilage-like implants. Regeneration of ear elastic cartilage
in vivo has been reported24, but there is still a need to
develop an effective procedure for repairing hyaline
cartilage.
Joint lubrication25 and healthy subchondral bone17 play
some role in regulating the metabolism of articular cartilage,
and the results of the present study indicate that mechan-
ical stress may also be another such regulatory factor.
Some techniques involving the application of an optimal
level of mechanical stress to cartilage tissue may improve
the clinical results of cartilage repair in the future.
In conclusion, the present ﬁndings suggest that mechan-
ical stress may affect the arrangement of collagen ﬁbers in
chondrocytes. The expression of IGF-I mRNA in the early
stage of incubation was increased in chondrocytes cultured
in a tube under intermittent centrifugal pressure. IGF-I
activity is thought to affect the proliferation of chondrocytes
and increase the volume of extracellular matrix. Mechanical
stress induced by centrifugal pressure may affect the
metabolism of articular cartilage in vitro. Some techniques
involving the application of an optimal level of mechanical
stress to cartilage tissue may improve the clinical results of
cartilage repair in the future.
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